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A new strategy has been developed to effect selective Mn(0Ac)s-mediated oxidative cycloaddition 
reactions of 1-alken-3-ynes with 8-dicarbonyl compounds. The three-step sequence involves (1) 
protection of the triple bond of the substrate with the -&&!O)6 group, (2) Mn-promoted radical 
addition of the 8-dicarbonyl compounds with the complexed enyne, and (3) oxidative demetalation. 
Mono-, di-, and tricycles, containing 2,3-dihydrofuran and tetrahydrofuran rings, are produced by 
exclusive attack on the uncomplexed C=C in moderate overall yields; formation of bi- and tricyclic 
derivatives occurs with excellent cis-stereoselectivity. Molecular mechanics calculations indicate 
that the cis ring fusion in these systems is thermodynamically favored. Reactions of the Co-complexed 
substrates proceed with Mn(II1) promotion alone, whereas the free enynes require combined Mn- 
(III)/Cu(II) mediation to produce furan derivatives, apparently reflecting the relative ease of oxidation 
of the respective intermediate radicals to carbocations. For the complexed substrates direct 
experimental proof for the formation of free carbocations along the reaction coordinate has been 
obtained by methanol trapping. 

Introduction 

Manganese(II1)-mediated reactions of conjugated sys- 
tems (e.g., 1,3-alkadienes, l,&alkadiynes, 1-alken-3-ynes) 
with 8-dicarbonyl compounds have been extensively 
investigated during the past decade.' Enynes produce 
tri- and tetrasubstituted 2,3-dihydrofurans, furans, and/ 
or 2,3-dihydrofuran-2-y1 furans (Scheme 1) with chemose- 
lectivity which is highly dependent on the type and degree 
of substitution of the substrate. When grouped according 
to their selectivity, they form three pairs, reacting 
nonchemoselectively (0-, 2-substituted) and chemoselec- 
tively at the triple (1,2-disubstituted, 1-substituted) or 
double bonds (Gsubstituted, 2,6disubstituted). 

The main objective of this study was to develop a general 
chemoselective approach directing exclusive participation 
of the double bond, thus drawing our attention to 0-, 1-, 
and 2-substituted and 1,2-disubstituted derivatives of 
1-buten-3-yne. The initial step of our strategy was to 
protect the triple bond with the -COZ(CO)S moiety, a 
function which has been demonstrated in electrophilic 
additions to the C==C of complexed enynes2 and in 
nucleophilic coupling reactions of (propargy1ium)Coz- 
(co)6+ complexes.3 Selective functionalization of l-alken- 
3-ynes at the double bond, leaving the triple bond 
untouched, would allow subsequent modification of these 
adducts taking advantage of the synthetic versatility of 
the triple bond. 

A second objective was to establish the stereochemistry 
of the process, especially with respect to the influence of 
the -Coz(CO)6 unit. This also offered us the opportunity 
to investigate the nature of cobalt-complexed propargyl 
radicals since such species would be generated from the 
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Mn-promoted addition of the 8-dicarbonyl radical to the 
complexed enyne. The formation of (propargyl)C%(CO)e 
radicals as intermediates has been postulated in the 
reactions of propargyl halides with COZ(CO)S~ and in the 
reactions of Co-complexed propargyl acetates with Grig- 
nard reagenk6 Although we3 and others6 have demon- 
strated the remarkable stability and considerable synthetic 
utility of Co-complexed propargyl cations, no systematic 
studies of the stability, electronic character, or synthetic 
potential of the corresponding or other a-organometallic 
radical~~9~ have been reported. 

Our intention was also to look closer at the mechanism 
of the Mn(II1)-mediatedreactions, in particular to addrees 
some of the most debatable issues, e.g., the possible 
formation of intermediate carbocations preceding the 
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cyclization step.' The essence of the Mn(II1)-mediated 
interaction of unsaturated substrates with carbonyl com- 
pounds consists of a one-electron oxidation of the latter 
and subsequent addition of a-oxo- and a,a-dioxoalkyl 
radicals to the substrate's multiple bond. The adduct 
radicals thus formed may convert to products either by 
H-atom abstraction or by interaction with the metal- 
oxidant resulting in oxidative ligand transfer, deproto- 
nation or cyclization. 

Finally, we were most interested in expanding the 
synthetic scope of the reaction, providing entry to complex 
polycyclic furanoid structures with the future aim to use 
this methodology in natural product synthesis. 
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Results and Discussion 

Synthetic Studies: Acyclic 1-Alken-3-ynes. The 
initial step of the strategy adopted was to protect the triple 
bond with the -C02(CO)6 moiety. To serve effectively the 
latter has to survive the subsequent Mn(II1)-promoted 
reaction. Two potential problems were anticipated in this 
respect: (1) Mn(II1)-induced oxidative demetalation of 
the -C02(CO)6 group, precedented by known Fe(III),2 Ce- 
(IV): and R3N010 decomplexation, and (2) thermal 
destruction/decomplexation, since the Mn-promoted re- 
actions are typically conducted between 23 and 115 OC.l 
Furthermore, if coordination of the Co-complexed sub- 
strate or intermediates with the oligomeric Mn(OAc)311 is 
required,' steric retardation could result from the sub- 
stantial steric demand of the -CO~(CO)~ unit. Thus, the 
requirement for effective radical reactions of the double 
bond of Coz(CO)6-protected 1-alken-3-ynes is that the rate 
of the Mn(II1)-mediated cycloaddition must be substan- 
tially faster than that of the oxidativehhermal demeta- 
lation. 

Optimization for acyclic enynes was carried out for the 
reaction between methyl acetoacetate and isopropenyl- 
acetylene complex 1 (eq 1).12 The molar ratio of substrate/ 
Mn(0Ac)s (l:l, 1:2, 1:4, 1:8) as well as the reaction 
temperature (20,30,45 "C) were varied to achieve complete 
conversion with minimal demetalation. By these criteria, 
the optimal conditions found were substrate/Mn(OAc)3 
(1:4), at 30 OC, and a reaction time of 30 min. Since the 
concentration of Mn(II1) is crucial for these reactions,1 we 
maintained it at 0.3 M uniformly during this study. Under 
these conditions dihydrofuran 2 was obtained in 65% 
isolated yield together with 8 % of decomplexed product 
3. Complete demetalation of 2 was accomplished with 
(NH&$e(NO3)6, producing 3 in an overall yield of 59%. 

The scope of thereaction with complexed acyclic enynes 
was then expanded to include representative acyclic and 
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cyclic 8-diketones. 2,4-Pentanedione and 1,3-cyclohex- 
anedione were cycloadded to 1 affording 2,3-dihydrofuran 
4 (52 % ) and hydrobenzofuranone 5 (46 % 1, respectively, 
accompanied by modest amounts of decomplexed products 
(6,6%, and 7,10%). It is noteworthy that no products 
were isolated which would indicate any decomplexation 
of 1 prior to radical addition (isopropenylacetylene itself 
reacts at both the double and triple bonds).' 

Cyclic 1-Alken-3-ynes. The incorporation of cyclic 
enynes as substrates constituted the next step toward 
extending the scope of Mn-promoted radical cycloadditions 
to the synthesis of di- and tricyclic systems. This also 
provided an opportunity to investigate the stereoselectivity 
of the process, especially with respect to the influence of 
the -Co2(CO)6 unit. Using cyclohexenylacetylene complex 
8 it was found that the reaction with methyl acetoacetate 
did not achieve full conversion under the protocol utilized 
for acyclic substrates. Such retardation, induced by a 
&alkyl substituent, could be expected on the basis of 
previous findings.'3J4 By varying the substrats/Mn(OAc)s 
molar ratio and the temperature, the conditions were 
optimized (substrate/Mn(OAc)s 1:6,30 OC, 2.5 h) to provide 
full conversion with minimal decomplexation and rea- 
sonable reaction time. Thus, from 8 and methyl acetoac- 
etate hexahydrobenzofuran 9 was isolated in 22 % yield as 
a single stereoisomer. Attempts to improve the yield by 
addition of Cu(OAc)2 (equimolar through 3-fold excess) 
were not successful, indicating that the reason for the low 
yield is not the sluggish oxidation of the intermediate cyclic 
propargyl radical by Mn(0Ac)a. The product9 is assigned 
a cis stereochemistry based on spectroscopic and X-ray 
correlation studies (vide infra). Reaction of 9 with (NH& 
Ce(NO3)s smoothly released cis-10 in 82% yield. 

In contrast, the reaction of uncomplexed cyclohexenyl 
acetylene 11 with acetoacetic ester occurs chemoselectively 
at the triple bond to produce furan 12.14 An excess of 
reagent converts the primary product to tricycle 13. No 
hydrobenzofuran 13 was isolated in the reaction of complex 
8, showing that the reactions of Co-complexed cyclic 1,3- 
enynes complement those of the uncomplexed substrates, 
allowing one to take full advantage of the synthetic 
versatility of the multiple bonds (Figure 1). The reversal 
of chemoselectivity observed indicates that decomplexed 
product 10, isolated together with Co complex 9, is derived 
from the latter and not formed from 8 by decomplexation- 
radical cycloaddition. 

Under the protocol optimized for complex 8 cyclopen- 
tenyl acetylene complex 14 showed significantly higher 

~ ~~~~ 

(13) Tedder, J. M.; Waltoa, J. C. Tetrahedron 1980,36,701. 
(14)Melikyan, 0. G.; Sargeyan, A. B.; Badauyan, Sh. 0. Chem. 

Heterocycl. Compds. 1988, 258. 



224 J. Org. Chem., Vol. 59, No. 1, 1994 

Mpk bond w p r  bond 
pr0l.Cl.d 

1 c " " ' T i  n 

Melikyan et al. 

CO,(CO), 1 17 ~coz~~o~~ l  18 

19 1 20 

Figure 2. 

Scheme 2 
10 15  

' our 
1 2  

Figure 1. 

0 OMe 
M Y  

+ (2) 

10 

reactivity (possibly derived from increased ring strain), 
full conversion to 15 (28 % ) and 16 (10 % ) being achieved 
within 1 h at 30 OC. It is noteworthy that the combined 
yield of 15 and 16 was almost twice as high as that obtained 
in the reaction of the cyclohexenyl complex 8. Once again, 
the reaction is highly stereoselective, producing a single 
stereoisomeric tricycle 15 assigned the cis-configuration 
based on spectroscopic correlation with analogues char- 
acterized by X-ray diffraction (vide infra). 

9 

16  

Our next objective was to investigate the influence of 
the -Coz(CO)6 unit on the stereochemistry of cyclization 
by conducting parallel reactions with the same substrates 
in both complexed and uncomplexed forms. Appropriate 
model compounds are 1,8enynes which react chemose- 
lectively at the double bond in their uncomplexed form. 
Cyclohexenyl and cyclopentenyl acetylene themselves are 
not suitable since they initially react chemoselectively at 
the triple bond.' A decade ago, however, one of us showed 
that the bulky dimethylhydroxymethyl group effectively 

OH OH 
0 4 

22 21 (n = 1 ), 24 (n = 0) 

OH 
23(n= 1),25(n=O) 0 

protects a triple bond against radical attack.' On the basis 
of this fact, we focused on a comparison of enynes 17 and 
19 and their -COZ(CO)S complexes 18 and 20. 

The reaction of substrate 17 with acetoacetic ester using 
the M n W V  oxidative system produced the expectad 
cyclization product (25 % ) as a mixture of geometrical 
isomers 21/22 in the ratio of 8911. In contrast, the 
corresponding Co complex 18 gave a single stereoisomer 
23 along with a comparable amount of decomplexed 21 in 
a total yield of 40%. The stereochemistry of 23 was 
unambiguously established as cis by X-ray diffraction (vide 
infra). Additional study showed that the stereoselectivity 
does not depend on whether Mn(1II) alone or both Mn- 
(111) and Cu(II) acetates are used together. Control 
experiments demonstrated that ,21 and 23, as well as a 
mixture of 21 and 22, are stable toward isomerization under 
the reaction conditions. Molecular mechanics calculatiom 
(MMX, PCMODEL) of the total energy of 21 and 22, as 
well as their Co complexes, showed the greater stability 
of cis-isomers both in complexed (AI3 = 15 kcal) and 
uncomplexed (AI3 = 7 kcal) forms. All together these data 
allow one to conclude that the reaction is occurring under 
kinetic control and (but) producing the thermodynamically 
more stable isomers. Thus, the experiments with cyclo- 
hexenyl acetylenes 17 and 18 demonstrate that the metal 
cluster enhances the stereoselectivity of addition to the 
double bond causing also the appreciable increase in the 
yield (25% versus 40%). 

On the other hand, both free and complexed cyclopen- 
tenyl acetylenes 19 and 20 upon Mn/Cu-promoted reaction 
with methyl acetoacetate afforded single isomers 24 and 
25, respectively. However, once again the influence of 
complexation on the yield was substantial: 47% of 24 
from 19 vs a total of 78% of 24 and 25 from 20. MMX 
calculations indicated the greater stability of complexed 
(AI3 = 33 kcal) and uncomplexed (AI3 = 17 kcal) cis-isomers 
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Figure 3. ORTEP diagram of compound 23. 

with the energy difference being greater in the [3.3.01 than 
in the 14.3.03 systems (16 vs 8 kcal). 

Stereochemical Assignments. To establish the con- 
figuration of the cyclization products 10, 16, 21, and 24 
(and hence their cobalt complexes), we intended to use 
the bridgehead V(C,H) coupling constants as a structural 
to01.'~J~ A literature search, however, indicated that the 
reference coupling constants involving (Cep,H) coupling 
through an sp3-sp3 carbon pair had not been reported. 
The V ( 4 C C H )  values for 10, 16, 21, and 24 were 
determined by the selective decoupling te~hnique,'~ and 
all fell in the range of 5.0-6.0 Hz, in the unreliable region 
where WC,H) coupling constants for geometrical isomers 
often o ~ e r l a p . ~ ~ J ~  In the absence of opposite isomers the 
only independent proof of configuration was X-ray dif- 
fraction. Accordingly, single-crystal X-ray diffraction 
structure determinations of the conveniently crystalline 
complexes 23 and 25 were carried out. The resulting 
ORTEP diagrams, depicted in Figures 3 and 4, clearly 
show in each case the cis-orientation of the bridgehead H 
and the (alkynyl)Coz(CO)6 units. Other noteworthy 
structural features of 23 and 26 include (1) a dramatically 
bent geometry for the coordinated alkyne unit (a = 142O 
for 23 and 143O for 26) and a lengthened coordinated C-C 
bond (1.33 A for both complexes vs 1.21 A for (2421, 
consistent with significant rehybridization of and extensive 
Co back-bonding to the coordinated alkyne; (2) a boatlike 
conformation of the cyclohexane ring of 23; (3) occupancy 
of a pseudoequatorial position by the -(alk~yl)co!2(co)6 
unit at the bridgehead in 23 and 26; and (4) a somewhat 
twisted torsion angle of 22O between the bridgehead C-H 

(16) Kalinowel$ H. 0.; Berger, S.; Braun, S. Carbon-13 NMR Spec- 
troscopy; John Wiley& Sone: New York, 1988; p 626 and references cited 
therein. 
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Figure 4. ORTEP diagram of compound 25. 
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(C17-Hl7) and bridgehead C-C (C12-Cll) bonds in 23 
and a corresponding angle of 16O in the bicyclo[3.3.01 
system 25. 

Thus, the cis-stereochemistry determined for complexes 
23 and 25 allows assignment of the same stereochemistry 
for decomplexed 21, 24 and 10, 16, all of which have 
comparable 3J(C,H) values. We also conclude that 3J(C,H) 
values of 5.0-6.0 Hz correspond to cis-isomers for [3.3.01 
and [4.3.0] bicyclic systems involving (C,,,H) coupling 
through an sp3-sp3 carbon unit. 

A putative transition state leading to cis-fused 13.3.01 
and [4.3.0] products is depicted in Figure 5. It is favored 
by the pseudoequatorial disposition of the bulky (alkyne)- 
&(CO)6 group and the /3-dicarbonylmoietywiththelatter 
approaching the carbocationic center from the p s e u d d a l  
direction. We note also here a recent report by Grove and 
co-workersl7 in which a high selectivity for cis-fuaed 
products was found in cyclizations forming bicyclic 14.3.03 
systems via intramolecular Friedel-Crafta alkylations of 
(propargylium)Coz(CO)s+ complexes. For comparison, it 
should be mentioned that in the case of pure radical 
cyclizations cis-fused carbocycles are also preferentially 
formed, if the bond to one of the ring junction atoms is 
made last.'* 

Mechanistic Considerations. A suggested mechanism 
for the Mn-promoted addition of a @-&carbonyl compound 
to enyne complex 1 is provided in Scheme 3. Taken 
collectively, previous studies indicate that Mn-promoted 
8-dicarbonyl additions occur by a complex, multistep 

(17) Grove, D. D.; Miekevich, F.; Smith, C. C.; Corta, J. R. Tetrahedron 
Lett. 1990, 6277. 
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Commun. 1987,363; (b) Beckwith, A. L. J.; Phillipou, 0.; Serelie, A. K. 
Tetrahedron Lett. 1981, 2811. 
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process involving essentially generation of a 8-dicarbonyl 
radicaloid species, its addition to the olefin substrate, 
possible oxidation of the adduct radical, cyclization of the 
radical or carbocation, and proton/H-atom abstraction.' 
The rate dependence on the unsaturated componentlg 
suggests that C-C bond formation is the rate-determining 
step.2o At several stages of the process Mn and/or Cu may 
be associated with reactive intermediates. 

To obtain a deeper understanding of the process, we 
designed and carried out a set of experiments designed to 
establish (1) whether Co-complexed propargyl radical A 
cyclizes directly to B or is first oxidized to generate 
carbocation C, (2) whether free carbocations C and D are 
formed along the reaction coordinate or the formation of 
dihydrofuran 2 takes place within the Mnllr(Culr)-ligand 
sphere, and (3) whether carbocation C is the direct 
precursor of the cyclized species D or whether enolization 
to E occurs prior to cyclization. 

Addressing the first issue, we conducted two sets of 
experiments. In the first the reactions of l-dodecen-3- 
yne (26) with 1,3-cyclohexanedione, mediated by Mn- 
(0AC)a alone and in the presence of co-oxidant, Cu(0Ac)z 
were compared (eqs 4 and 5 in Scheme 4). With Mn- 
(OAc)3 alone complete consumption of starting compound 
occurred within 30 min at 30° but no products could be 
isolated, apparently the result of gross polymerization 
(gelatinous material observed). On the other hand, using 
a combination of Mn(OAc)3/Cu(OAc)a produces hy- 
drobenzofuranone 27 in 78% yield. The reason for this 
striking difference is attributed to the relative ability of 
the Mn(II1) and Cu(I1) ions to oxidize alkyl radicals to the 
corresponding carbocations with the latter approximately 
250 times more reactive.21 The initiation step and the 
formation of the C-C bond can occur with the participation 
of Mn(II1) alone, determining the rate of consumption of 
starting compound. The presence of Cu(0Ac)z becomes 
crucial after the formation of propargyl adduct-radical. 
Since Mn(II1) ion is not powerful enough to oxidize the 
resulting radicals to the corresponding carbocations, the 
former are not able to attack the carbonyl group, which 
would produce cyclization product. Thus, the only path- 
way for radical consumption is unfruitful polymerization. 

(19) Viogradov, M. G.; Pogosyan, M. S.; Steinshneider, A. Ya.; 
Nikhhin, G. I. Bull. Acad. Sei. USSR, Diu. Chem. Sci. 1981,30, 1703. 
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In the presence of Cu(I1) the propargyl adduct-radical is 
oxidized to propargyl carbocation, which sequentially 
converts to cyclization product 27. 

The second set of experiments is represented by eqs 4 
and 6 in Scheme 4. In contrast to substrate 26, ita cobalt 
complex 28 undergoes cyclization (to 29 and 27) not only 
in the presence of Cu(0Ac)z but also when Mn(0Ac)s is 
used alone. The use of catalytic or equimolar amounta of 
Cu(0Ac)z did not affect the yield. We believe these 
features reflect the lower oxidation potential of Co- 
complexed propargyl radicals compared with their un- 
complexed counterparta, derived from the remarkable 
stability of the incipient (propargylium)Coz(CO)e 
Supporting this conclusion is the fact that those few 
substrates which add 8-dicarbonyls with Mn promotion 
alone are ones which passess carhtion-stabilizinggroups 
at the incipient radical center.22 

These two sets of experiments indicate that the pro- 
pargyl adduct radicals are oxidized to carbocatione (A 
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to the cyclization step. 

To address the second issue we chose the reaction shown 
in Scheme 3 as a model and ran it in MeOH, expecting 
that if free carbocations formed they could be trapped by 
solvent if the cyclization step was sufficiently slow. On 
the other hand, if cyclization occurs in the Mn sphere, 
trapping would not be expected. Use of alcohols as solvents 
in Mn(II1)-mediated reactions has been very limitedel In 
particular, ethanol was recently used to modify intramo- 
lecular Mn-promoted additions to alkenes and was found 
to be an effective H-atom donor (in the absence of Cu- 
(OAC)~), converting primary as well as secondary adduct- 
radicals to saturated Thus, H-atom delivery 
from solvent to propargyl radical A could also occur prior 
to oxidation to carbocation C. We also pursued a purely 
synthetic interest: the development of an experimental 
protocol with methanol as solvent could expand the scope 
of the Mn(II1)-mediated reactions of 1-alken-3-ynes by 
allowing the use of acid-sensitive substrates. 

The reaction of isopropenylacetylene complex 1 was 
carried out using Mn promotion alone and with combined 
Mn/Cu promotion. In either case the reaction rate was 
unchanged in methanol (30 OC, 30 min) and led to the 
formation of methoxy-substituted tetrahydrofuran 30 as 
a mixture of three stereoisomers. The yields are the same 
in the case of both protocols, indicating again that Mn- 
(III) is able to oxidize the Co-complexed propargyl radicals 
as effectively as Cu(0Ac)z. No other products, derived 
from H-atom transfer to propargyl radical, methanol 
trapping of propargyl carbocation C, or deprotonation of 
cyclic carbocation D (producing 21, were detectad by 
careful 13C NMR analysis of the crude product. That 
trapping product 30 is formed directly from intermediate 
D and not via methanol addition to dihydrofuran 2 was 
supported by demonstrating the nonreactivity of 2 toward 
MeOH/HOAc. The fact that carbocation C was not 
trapped with MeOH is consistent with either cyclization 
in the coordination sphere of Mn or with faster cyclization 
of the free carbocation compared with trapping rate. 
Nonetheless, isolation of ether 30 provides unambiguous 
evidence of free carbocation intermediates and formation 
of dihydrofurans outside the metal ion ligand sphere. 
We also converted product 30 to 2 (86%) by treatment 
with a 3-fold excess of CF3COOH (rt, 30 min). 
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The successful trapping of carbocation D dowed us to 
address the third issue, i.e., whether the 8-dicarbonyl 
moiety participates in the cyclization step in its keto or 
ita enol form (C and E in Scheme 3). In the latter case, 
tetrahydrofuran 30 would not be formed and the reaction 
would produce 2,&dihydrofuran 2 directly. The absence 
of 2, its nonreactivity toward MeOH/HOAc (above), and 

(22) Corey, E. J.; Ghosh, A. K. Chem. Lett. 1987, 223. Mellor, J. M. 

(23) Snider, B. B.; Merritt, J. E.; Dombroski, M. A.; Buck", B. 0. 

(24) Cossy, J.; Leblanc, C. Tetrahedron L e t t .  1989, 4631. 

Tetrahedron Lett. 1991, 7107. 

J.  Org. Chem. 1991,66,6544. 

the isolation of 30 indicates that intermediate cation C 
undergoes attack directly by the carbonyl group and 
cyclization is not preceded by enolization. 

Conclusions 
A generally applicable chemoselective method has been 

developed for Mn(II1)-mediated oxidative cycloaddition 
of 8-dicarbonyl compounds to the C-C double bond of 
1-alken-3-pes utilizing the -Coz(CO)6 unit as a chemo-, 
regio-, and stereo-directing group. Moderate yields of 
mono-, bi-, and tricyclic 5-alkynyldhydrofuran derivativm 
are obtained. Reactions with cyclic en-yne and/or 8-di- 
carbonyl components are highly cia-stereoselective, the 
selectivity being enhanced by -Coz(CO)a complexation in 
the [4.3.0] system. The reactions of the Co-complexed 
substrates proceed with Mn(II1) promotion alone, whereas 
the free en-ynes require combined Mn(III)/Cu(II) me- 
diation to produce significant yields of furan derivatives. 
This contrast appears to reflect the relative ease of 
oxidation of the respective intermediate radicals to 
carbocations. For the complexed substrates direct ex- 
perimental proof for the formation of free carbocations 
along the reaction coordinate has been obtained by 
methanol trapping. Studies underway are aimed at 
utilizing these reactions in the synthesis of f m o i d  natural 
produde and at the exploration of other radical reactions 
modulated by organometallic fragments. 

Experimental Section 
General. All reactions were performed under an atmosphere 

of dry NO. Analytical instrumenta, spectral calibratione and 
chromatographic materials were previously deecribed.m Ana- 
lytical TLC was performed on silica gel IB-F plates (Baker-flex); 
visualization wae accomplished with W illumination (254 nm) 
or by immersion in aqueous KMnOl solution followed by thorough 
waehing. GC-MS were obtained on a HP 6986 GC/MS syetem 
with SE-64 Econo-Cap capillary columns (30 m X 0.32 mm, 1.0- 
pm fii). Jvalues are given in Hz. Abbreviations: PE, pentane; 
E, ether. 

The starting alkynes and their cobalt complexes were eyn- 
theeized according to the following procedures: 2-methyl-1-buten- 
3-yne and cyclohexenyl- and cyclopentenylacetylenee, by dehy- 
dration of commercially available (Lancaeter) alcohole;% 1-dodee 
en3-yne (26), by alkylation of 1-buten-3-yne with odyl iodide;% 
propargyl alcohols 17 and 19, by condeneation of the corre- 
sponding l-alken-3-ynes with acetone;% and (enyne)Co&O)s 
complexes, by reaction of the corresponding 1-alken-Synee with 
Coa(CO)e in benzene or ether.n MgSOc wae used ae a drying 
agent. 

General Protocol A Mn-Promoted Addition to Co- 
Complexed Acyclic 1-En-byner. [ 4-Carbomethoxy-2,S-dim- 
ethyl-2-ethynyl-2,3-dihydrofuran]dicobalt Hexacarbonyl 
(2). The reaction flaek wae charged with Mn(OAc)~-2H20 (2.47 
g, 9.2 mmol) under an inert atmosphere. After five pumpand- 
fill cycles, a solution of complex 1 (0.81 g, 2.3 "01) and methyl 
acetoacetate (2.13 g, 18.4 "01) in glacial AcOH (31 mL) wae 
added in one portion [molar ratio substrate:Mn(III):8-dicarbonyl 
compound = 1:481. The mixture wae heated for 30 min at SO 
O C  (TLC monitoring) and then diluted with H20 (30 mL) and 
extractedwithether (3 X 60mL). The combinedethedextracta 
were neutralized with saturated NazCOa, washed (HnO, 3 X 30 
mL), and dried. The ether wae evaporated, and the reeidue wae 
chromatographed on SiOz (70 g, PE/E (151)) to give 2 (700 mg, 
66% ) ae dark red cryetale together with decomplexation product 

(26) Montana, A. M.; Nicholas, K. M. J. Org. Chem. 1990, bb, 166% 
(26) Brand", L. Preparatiue Acetylenic Chemistry; Elsevier: Am- 

(27) Greenfield, H.; Stamberg, H. W.; Friedel, R. A.; Wotie, J. H.; 
Markby, R. ;  Wender, I. J .  Am.  Chem. SOC.  1966, 78,  120. 

sterdam, 1988. 
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3 (33 mg, 8%). I f c ~ ( 0 A c ) ~  was used (5 mol % 1, yields were 62% 
of 2 and 14% of S; with an equimolar amount of the former the 
yields were 65% and lo%, respectively. Mp: 90-91 OC. R/ = 
0.52 (PE/E (51)). 'H NMR (CDCb): 8 1.68 (e, 3H), 2.18 (t, 3H, 
J=1.6),2.85(dq,lH,J=14.5,1.6),3.05(dq,lH,J=14.5,1.6), 
3.67 (a, 3H), 6.05 (8, 1H). MS-DIP: 438 (l8), 298 (100). Anal. 
Found: C, 41.35; H, 2.52. ClsH120eCoz requires: C, 41.20; H, 
2.58. 

General Protocol B Demetalation of (Alltyne)Cor(CO)6 
cOmple.ee. 4-Carbomethoxy-2~s-rUmethgl-29thynyl-2Pd- 
hydrofuran (3 j. A solution of Ce(NH&(NO& (3.3 g, 6.0 "01) 
in dry acetone (18 mLJ was slowly added to a solution of complex 
2 (700 mg, 1.50 "01) in dry acetone (10 mL) at -78 OC. After 
addition was complete, the solution was allowed to warm over 
30 minto rt and stirred for 1 h. The reaction mixture was poured 
into saturated NaCl solution, extracted with ether (3 X 30 mL), 
and dried. The ether was evaporated, and the residue wm 
chromatographed on Si02 (7 g, PE/E (101)) to give 3 (211 mg, 

NMR (CDCb): S 1.64 (e, 3H), 2.20 (t, 3H, J = 1.5),2.63 (e, lH), 
2.88(dq, lH, J= 14.3,1.5),3.21 (dq,lH, J=  14.3,Ja 1.6),3.71 
(a, 3H). 'SC NMR (CDCb): 14.1,28.4,44.0,50.9,73.0,79.1,84.9, 
100.8,166.0,166.3. IR (neat): 3300,2120,1702,1648. M S  M+ 
180. Anal. Found C, 66.87; H, 6.60. CloHlzOa requires: C, 
66.67; H, 6.67. 
[4-Acetyl-2,S-dimethyl-2-ethynyl-2,3-dihydrofuran]dic~ 

balt Hexacarbonyl(4). Using protocol A 1.27 g (3.6 m o l )  of 
1 gave compound 4 (835 mg, 52 % ) as dark-red crystals together 
with decomplexation product 6 (35 mg, 6%). Mp: 63-64 "C. Rf 
= 0.45 (PE/E (1:l)). 'H NMR (CDCb): S 1.70 (e, 3H), 2.16 (e, 
3H), 2.21 (8,3H), 2.91 (d, lH, J = 15.0), 3.15 (d, lH, J = 15.0), 

42.44, H, 2.65. Cl&20&oa requires: C, 42.67; H, 2.67. 

tocol B carried out on 1.77 mmol of 4 afforded 6 (208 mg, 72%). 

(e, 3H), 2.23 (t, 3H, J = l.S), 2.63 (8, lH), 2.95 (dq, lH, J = 14.3, 
1.5), 3.28 (dq, lH, J = 14.3,1.5). I3C NMR (CDCb): 14.9,28.4, 
29.3,44.7,73.1, 79.0,84.7,111.2, 165.4,193.9. IR (neat): 3280, 

C, 73.29; H, 7.15. C10H1202 requires: C, 73.17; H, 7.32. 
2-Ethynyl-2-methyl-2Z,a,S,B,I-he.ahydroberan-4- 

oneldicobalt Hexacarbonyl (5). Using protocol A 2.7 mmol 
of 1 and cyclohexandione gave 5 (575 mg, 46%) as dark-red 
crystals together with decomplexation product 7 (45 mg, 10% ). 

1.74 (e, 3H), 2.03 (m, 2H), 2.34 (t, 2H, J = 7.01, 2.41 (t br, 2H, 
J = 6.1), 2.80 (d, lH, J = 14.7), 3.03 (d, lH, J = 14.5), 6.07 (e, 
1H). MS-DIP. M+ 434 (7), 294 (48). And Found C, 44.02; H, 
2.55. C~,HI~O~COI requires: C, 44.16; H, 2.60. 
2-Ethynyl-2-methyl-2,3,4,6,6,7-he~hydrobenzofuran-4 

one (7). With protocol B 1.16 mmol of 6 afforded 7 (158 mg, 

NMR (CDC&-ac-de): S 1.69 (e, 3H), 2.07 (quintet, 2H, J 5 6.2), 
2.34(m,2H),2.46(m,2H),2.83(depl,lH, J=l4.3),2.88(e,lH), 
3.11 (d epl, lH, J = 14.3). '9c NMR (CDCb, ac-dd: 21.0,23.3, 
27.9, 35.7, 40.2, 73.8, 82.0, 83.8, 111.4, 174.6, 194.4. IR (neat): 
3280, 3230, 2120, 1648, 1625 br. MS-DIP: M+ 176. Anal. 
Found C, 74.59; H, 6.91. CllHl&z requires: C, 75.00; H, 6.82. 

General Protocol C. Mn-Promoted Addition to Co- 
Complexed Cyclic 1-Alken-3-ynes. [cis-3-Carbomethoxy- 
7a-ethynyl-2-methyl-i3a,4,S,6,7,7a-hexahydrobenzofuran]- 
dicobalt Hexacarbonyl(9). The reaction flask was charged 
with Mn(OAc)r2H& (4.02 g, 15 "01) under nitrogen. After 
five pumpand-fii cycles adut ion  of complex 8 (0.98 g, 2.5 "01) 
and methyl acetoacetate (3.48 g, 30 "01) in a glacial AcOH (50 
mL) was added in one portion [molar ratio eubstrata:Mn(III): 
@-dicarbOnyl compound = 1:6:12]. The mixture was heated for 
2.5 h at  30 OC with stirring (TLC monitoring). Workup and 
isolation were carried aa in protocol A (PE/E (201)) to give 9 
(0.275g,22%) asdark-redcryetalstogetherwith 10 (16mg,3%). 

1.34-1.67 (m, SH), 1.70-1.92 (m, 2H), 1.99-2.10 (m, lH), 2.22 (e, 
3H), 2.90 (t br, lH, J = 5.2h3.65 (e, 3H), 6.03 (e, 1H). MS-DIP: 

requires: C, 45.06; H, 3.16. 

78%). Bp (K): 69-71 "C/6 mm. Rf = 0.48 (PE/E (5:l)). 'H 

6.06 (8,lH). MS-DIP. M+ 422 (2), 282 (79). Anal. Found: C, 

4 A C e t y l - 2 ~ h y l - 2 ~ ~ ~ 1 - 2 ~ d r o f ~ ~  (6). Pro- 

Rf = 0.40 (PE/E (1:l)). 'H NMR (CDCb): S 1.66 (e, 3H), 2.20 

3230,2100,1668,1618,1598. MS-DIP: M+ 164. Anal. Found 

Mp: 103-104 OC d a .  Rf 3 0.30 (PE/E (1:3)). 'H NMR (CDCb) 

78%). Bp (K): 85-86 OC/0.9 111111. Rf 8 0.25 (PE/E (1:3)). 'H 

Mp: 80-82 OC. R, = 0.54 (PE/E (51)). 'H NMR (CDCb): S 

478 (101,338 (43). Anal. Found: C, 44.90; H, 3.22. CivH&C@ 
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ci6-3-Carbomethoxr-7a-ethynyl-2-methyl-3a,4,5,6,7,7a- 
hexahydrobenzofuran (10). ProtocolB carried out using0.54 
"01 of 9 gave 10 (97 mg, 82%). Rf = 0.42 (PE/E (5:l)). 'H 
N M B  (CDCb): S 1.3G1.40 (m, lH), 1.42-1.62 (m, 4H), 1.88-1.97 
(m, 2H), 2.04-2.12 (m, lH), 2.22 (d, 3H, J = 1.2), 2.M) (e, lH), 
3.20 (t br, lH, J = 6.11, 3.72 (e, 3H). 'F NMR (CDCW: 14.6, 
19.1,19.4,26.9,32.5,47.6,50.7,71.7,81.9,85.7,107.7,166.2,167.2. 
Selective decoupling: J(HW-C7.C& = 6.0. IR (neat): 3300, 

H, 7.20. ClsHlsOa requires: C, 70.91; H, 7.27. 
[cis- 1,8-Dideh~dro-3-ethynyl-2-oxatricyclo[6.4.0.0~~~]- 

dodecan-9-oneldicoblt Hexacarbonyl (16). According to 
protocol C, from 14 (1.02 g, 2.7 mmol), Mn(OAc)r2HaO (4.34 g, 
16.2 m o l ) ,  and 1,3-cyclohexanedione (3.63g,32.4mmol) in AcOH 
(54 mL) with a reaction time of 1 h, workup and subsequent 
column chtamatography (SiO2,2@, PWE (1:2)) gave 16 (370 
mg, 28%) as dark-red crystale together with 16 (66 mg, 10%). 
Mp: 130-135 OC dec without melting. Rt = 0.48 (PE/E (1:3)). 
'H NMR (CDCls): S 1.56-1.73 (m, lH), 1.75-2.10 (m, 7H), 2.26- 
2.38 (m, 2H), 2.40-2.54 (m, 2H), 3.25 (d, lH, J= 7.3),6.06 (e, 1H). 

cis- 1,8-Didehydro-3-et hynyl-2-oxatricyclo[6.4.0.0~,1]- 
dodecaBrSone (16). Protocol B using 0.64 mmol of 16 afforded 
16 (111 mg, 86%). Rf = 0.39 (PE/E (1:3)). 'H NMR (ac-4): 6 
1.4S-1.57 (m, lH), 1.71-1.90 (m, 3H), 1.93-2.09 (m, 4H), 2.21- 
2.29 (m, 2H), 2.39-2.50 (m, 2HA3.38 (e, lH), 3.55 (d, lH, J= 7.9). 
WNMR (ac-de): 22.5,24.2,24.7,32.9,37.3,43.1,53.8,77.1,84.3, 
92.6,115.7,176.2,194.4. Selective decouplhg J(HC%CC7CllH) 
= 5.0. IR (neat): 3290,3230,2115,1648,1632,1620. W-D@: 
M+ 202. Anal. Found C, 77.02; H, 6.89. Cl&& requires: C, 
77.23; H, 6.93. 
cis- and trans-c3-Carbomethoxr-7a-(3~-hydro.y-3'-m~hyl- 

l / - b u t y n y 1 ) - 2 m e t h y l - 3 ~ 6 , 7 , 7 a - ~ ~ d r o ~ n ~ ~  (21, 
22). AccordingtoprotocolCfrom 17 (0.328g,2.00mmol),methyl 
acetoacetic eater (2.78 g, 24 mmol), Mn(OAc)a.SHzO (3.22 g, 12 
mmol), and Cu(0Ac)z (399 mg, 2.00 mmol) in glacial AcOH (40 
mL) after column chromatography (60 g, PE/E (31,21)) isomere 
21and22(141mg,25%) wereobtained. GC-MS(10OoC(3min) - So/& + 280 OC (15 min)): 11% 22 ( t ~  = 25.8 min, M+ 278 

the only distinguishable peaks are as follows: 21 3.16 (t, lH, 
H-34 J = 6.2), 22 3.22 (t, lH, H-3a, J = 6.3). Full spectral data 
for 21 are given below. 

[ ~ ~ ~ h o x y - 7 a - ( 3 / - ~ ~ ~ 3 / - ~ l - l ' - ~ u t y n y l ) -  
z m s t h s l s e P a 6 , 7 , 7 a - h ~ b e n ~ f ~ l ~ ~ t  Hexac- 
arbonyl(23). (1) According to protocol C, from 18 (900 mg, 2 
mmol), methyl acetoacetate (2.78 g, 24 mmol), and Mn- 
(OAc)~.2H20 (3.22 g, 12 "01) in glacial AcOH (40 mL) after 
column chromatography (90 g, PE/E (51,311) was obtained 28 
(300 mg, 27%) as dark-red crystals together with 21 (110 mg, 
2O%, -100% purity by GC-MS). Mp: 100-102 OC. Rf= 0.63 
(PE/E (1:l)). 'H NMR (CDCb): 1.40-2.02 (m, 8H), 1.60 (e, 3H), 
1.61 (e, 3H), 2.06 (e, lH), 2.21 (e, 3H), 3.23 (t unresolved, lH, J 

C,46.90;H,3.94. C&&loCozrequires: C,46.81;H,3.90. Single 
crystals for X-ray analyses (Figure 3) were obtained by methanol 
vapor diffusion into a pentane solution of 23. 

(2) "he experiment described in (1) was modified with Cu- 
(OAc)2 (399 mg, 2 m o l )  to give 23 (250 mg, 22%) and 21 (100 
mg, 18%, purity -100% by GC-MS). 
cio3Coraomethoxy-7a-(3'-hydroxy-3'-met~l-l'-but~yl)- 

2-methyl-3%4P,6,7,7a-hexahydrobenzofuran (21). Protocol 
B was carried out with 0.4 mmol of 23 affording 21 (91 mg, 80%, 

(CDCb): 1.3G1.60 (m,4H), 1.48 (e, BH), 1.78-2.05 (m,4H), 2.18 
(e, 3H), 3.16 (t, lH, J = 6.21, 3.69 (e, 3H). 'F NMR (CDCls): 
14.2, 18.6, 18.8, 25.0, 32.2, 30.8, 47.4, 50.3, 64.5,81.8, 83.1, 88.3, 
106.6,165.9,166.9. HRFAB calcd for C1&lp04 (M+ - 1) 277.1440 

2120,1700,1640 a-'. MS-DIP: M+ 220. Anal. Found: C, 70.82; 

MS-DIP: 488 (l), 320 (26). A d .  Found: C, 46.60, H, 2.72. 
c & ~ o ~ ~  q u i r e 8  C, 46.72; H, 2.87. 

(2)),89% 21 ( t ~ =  26.4&,M+278(15)). htheNMRepeCtrum 

= 4.8), 3.67 (8,3H). MS-DIP: 536 (4), 396 (100). Anal. Found: 

purity -100% by GC-MS). Rt = 0.43 (PE/E (1:l)). 'H NMR 

found 277.1443. Selective decoupling: J(W-C7c?.C&I3 
MS-DIP: M+ 278. 

5.7. 

-~&xY-&-( 3'--lulclro.r-3'-methyl-l'autynyl)- 
2-methyl-l-oxabicyclo[5.3.0]0ctane (24). According to pro- 
tocol C, 19 (300 mg, 2 "011, Mn(OAc)s.2H@ (3.22 g, 12 "011, 
methyl acetoacetate (2.78 g, 24 mmol), and Cu(0Ac)n (399 mg, 
2 "01) in glacial AcOH (40 mL) after a reaction time of 1 h, 
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workup, and column chromatography (18g, PE/E (31)) afforded 
24 (247 mg, 47%). GC-MS (60 "C (5 min) - 10°/min - 280 OC 
(1Omin)): t ~ =  28.47min,isomericpurity -100% forbothcrude 

1.49 (8, 6H), 1.62-2.25 (m, 6H), 2.17 (d, 3H, J =  1.5h3.59 (d, lH, 
J = 7.4), 3.68 (e, 3H). 13C NMR (CDCb): 14.2, 24.0, 33.6,42.8, 

DIP: M+ 264. HR-FAB: calcd for CldIzooI (M+) 264.1362, found 
264.1364. 

2-met hy 1- 1 -oxabicyclo[ 3.3.0 Joctaneldicobalt Hexacarbonyl 
(26). According to protocol C, from 20 (872 mg, 2 mmol), Mn- 
(OAC)~-~H~O (3.22 g, 12 mmol), methyl acetoacetate (2.78 g, 24 
mmol), and Cu(0Ac)z (399 mg, 2 "01) in glacial AcOH (40 mL) 
after a reaction time of 1 h, workup, and subsequent column 
chromatography (60 g, PE/E (51)) was obtained 25 (668 mg, 
61 % ) as dark-red crystals together with 24 (88 mg, 17 % , isomeric 
purity -100% by GC-MS). Mp: 87-89 "C. Rj = 0.65 (PE/E 
(1:l)). lHNMR(CDCb): 1.60 (e,3H), 1.61 (s,3H), 1.60-2.35 (m, 
6H), 1.93 (e, lH), 2.20 (d, 3H, J = 1.3), 3.43 (d, lH,  J = 7.0), 3.68 
(8,  3H). MS-DIP: 522 (7), 382 (100). Anal. Found C, 46.06; 
H, 3.65. CzlHaoOl&ozrequires: C, 45.82; H, 3.64. Single crystah 
for X-ray analyses (Figure 4) were obtained by methanol vapor 
diffusion into a pentane solution of 25. 

[%( l'-Decyn- l ' - y l ) - 2 ~ , ~ , 6 , 7 - ~ ~ ~ ~ n ~ f ~ ~ e ] -  
dicobalt Hexacarbonyl(29). Using protocol A 2.6 mmol of 28 
gave 29 (600 mg, 41%) as a red oily liquid together with 
decomplexation product 27 (190 mg, 27%). Rj = 0.64 (PE/E 
1:3). MS-DIP: M+ 561 (M+l, 14%), 392 (13%). Anal. Found 
C, 51.26; H, 4.58. C d ~ O a C o z  requires C, 51.43; H, 4.64. 
24 1'-Decyn- 1'-yl)-2,3,4,5,6,7-hexahydrobenzofuran-4- 

one (27). (1) Using protocol B on 1.07 mmol of 29 afforded 27 
(262 mg, 89%). Bp (K): 155-158 '(30.55 mm. Rj = 0.41 (PE/E 
(1:3)). lH NMR (CDCb): d 0.88 (t, 3H, J = 6.61, 1.27 (e br, 
4CH2), 1.36 (m, 2H), 1.52 (quintet, 2H, J = 7.2), 2.04 (m, 2H), 
2.24 (td, 2H, J =  7.2,1.5), 2.35 (t, 2H, J =  6.6h2.45 (m, 2H), 2.85 
(dd, 1H, J = 14.3, 7.9), 3.11 (dd, lH, J = 14.3, 10.7), 5.33 (ddt, 
lH, J = 10.7,7.9,1.5). 13C NMR (CDCb): 13.9,18.6,21.5,22.5, 
28.1,28.7,28.9, 29.0,31.7,23.8,34.2,36.3, 74.0,77.6,88.8,112.6, 
176.2,195.0. IR (neat): 2220,1655,1638 br. MS-DIP: M+ 274. 
Anal. Found C, 79.00; H, 9.35. C l a ~ O z  requires: C, 78.83; H, 
9.49. 

(2) According to protocol A from 26 (426 mg, 2.6 mmol), 1,3- 
cyclohexaudione (2.33 g, 20.8 mmol), Mn(OAc)s*2H20 (2.79 g, 
10.4 mmol), and Cu(0Ac)z (519 mg, 2.6 "01) in glacial acetic 
acid (35 mL) after chromatography on Si02 (60 g, PE/E (1:l)) 
was obtained 27 (558 mg, 78%). 

[ 3-Carbomethoxy-2,S-dimethyl-S-ethynyl-2-methoxytet- 
rahydrofuran Jdicobalt Hexacarbonyl(30). (1) A mixture of 
1 (704 mg, 2 mmol), methyl acetoacetate (1.86 g, 16 mmol), and 
M ~ ( O A C ) ~ - ~ H ~ O  (2.14 g, 8 mmol) in dry MeOH (35 mL) was 
heated for 30 min at  30 "C (TLC control) under nitrogen. Solvent 
was evaporated on a Schlenk-line, ether was added to the residue, 
and the suspension was filtered. The filtrate was evaporated, 
and the residue was chromatographed (SiOz, 70 g, PE/E (101)) 
to give 30 as dark-red crystals (460 mg, 46%). Anal. Found C, 

and isolated aampl~ .  Rj = 0.52 (PE/E (1:l)). 'H NMR (CDCb): 

31.3, 50.8, 55.3, 65.2, 82.3, 89.2, 90.8, 105.0, 16612, 167.5. MS- 

[ &3Carbmtbw&-( 3'-hydrory-3'-metbyl-l'-b~t~yl)- 
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41.01; H, 3.21. C1~&eOloCs requires: C, 40.96; H, 3.21. The '% 
NMR of 30 consisted of three Stereoisomers in the ratio 1:1:2. 
PTLC (PE/E (5:1), three runa) gave the more mobile spot as the 
major fraction, consisting of two isomers in the ratio of 1:2. The 
leee mobile, minor component was a single stereoieomer. 

Major Fraction. Mp: 91-93 "C. Rj = 0.55 (PE/E (61)). 1H 
NMR (CDCb): main isomer 1.54,1.67 (e, s,3H, 3H), 2.15 (dd, 
lH, J = 12.9,8.2), 2.88 (t, lH, J = 12.4), 3.10 (dd, lH, J = 11.8, 
8.4), 3.24 (8, 3H), 3.71 (e, 3B), 6.00 (8, 1H); minor isomer 1.31, 
1.63 (8, s,3H, 3H), 2.18-2.61 (m, 3H), 3.29 (s,3H), 3.72 (e, 3H), 
6.03 (8,lH). 13C NMR (cad: main isomer 21.3,32.8,42.7,48.6, 
51.8,55.7,72.4,84.5,104.2,108.0,169.5,200.0; minor isomer 20.6, 
31.0,43.7,49.3,51.7,56.1,72.7,84.4, -104.0,109.9,172.2,200.0. 

299 (parallel fragmentation pattern 467,382,354, 326, 299). 
Minor Fraction. Mp: 68-70 "C. Rj = 0.50 (PE/E (61)). lH 

NMR (CDCb): 1.55,1.58 (8, s,3H, 3H), 2.25 (dd, lH, J = 12.2, 
7.3),2.69 (t, 1H, J = 12.5), 3.14 (dd, lH, J = 12.6, 7.3), 3.22 (e, 
3H), 3.70 (8, 3H),6.06 (8,lH). 'SC NMR (c&: 22.3,30.4,43.3, 
49.5,51.7,55.3, 73.7,83.7, 104.3, 108.0, 169.3, 200.9. MS-FAB: 
M+ 498 (O), the rest is the same 88 for the major fraction. 

(2) The procedure described in item 1 when modified by 
indueionof Cu(0Ac)z (0.40g, 2.0mmol) gave30 (44%) consisting 
of the aame stereoisomers as above. 
Conversion of 30 to 2 by reaction with trifluoroacetic 

acid. Asolution of CF3COOH (48 mg, 0.42 "01) in dry benzene 
(1.5 mL) was slowly added via syringe to a solution of SO (70 mg, 
0.14 "01) in dry benzene (5 mL) at +5 "C under N2. The solution 
was allowed to warm tort, and the mixture was stirred for 30 min 
(TLC monitoring). The solvent was evaporated on a Schlenk- 
line, and the residue was diseolved in PE/E (61) and filtered 
through a short bed of silica gel to give 2 (56 mg, 86% ). 
X-ray Structure Determination of 23 and 25. X-ray 

structure determinations were performed on an Enfaf-Noniue 
CAD-4 diffractometer using monochromat4 Mo Ka radiation 
(A = 0.710 69 A). T h e  atomic scatterings factors were taken from 
the International Tables for X-ray Crystallography, and the 
structures were solved by the heavy atom method and refiied 
by the full-matrix least-squares method (SHELX-76). 

MS-FAB: 498 (M+ l), 483,470,442,414,386,358,330 (48%), 
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